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Organ morphogenesis requires the coordination of
cell behaviors. Here, we have analyzed dynamic
endothelial cell behaviors underlying sprouting
angiogenesis in vivo. Two different mechanisms
contribute to sprout outgrowth: tip cells show strong
migratory behavior, whereas extension of the stalk
is dependent upon cell elongation. To investigate
the function of Cdh5 in sprout outgrowth, we gener-
ated null mutations in the zebrafish cdh5 gene, and
we found that junctional remodeling and cell elonga-
tion are impaired in mutant embryos. The defects are
associated with a disorganization of the actin cyto-
skeleton and cannot be rescued by expression of
a truncated version of Cdh5. Finally, the defects in
junctional remodeling can be phenocopied by phar-
macological inhibition of actin polymerization, but
not by inhibiting actin-myosin contractility. Taken
together, our results support a model in which
Cdh5 organizes junctional and cortical actin cyto-
skeletons, as well as provides structural support for
polymerizing F-actin cables during endothelial cell
elongation.
INTRODUCTION
Organ morphogenesis requires dynamic cell behaviors, which
are to a large extent based on junction-associated cell-cell
interactions. Vascular endothelial cadherin (Cdh5/VE-cadherin)
is the main constituent of endothelial adherens junctions.
While the extracellular cadherin domains of Cdh5 engage
in homophilic cis- and trans-interactions (Ahrens et al., 2003;
Bibert et al., 2002), the C-terminal portion of the protein inter-
acts with numerous proteins, most notably with b-catenin and
plakoglobin, which couple the actin cytoskeleton to adherens
junctions (Giannotta et al., 2013). In vitro studies have shown
that Cdh5 plays a central role in many aspects of endothelial
cell biology, such as regulation of cell adhesion, cell prolif-
eration, cell survival, cell shape, cell motility, modulation of504 Cell Reports 9, 504–513, October 23, 2014 ª2014 The Authorssignaling pathways, and transcriptional gene regulation (re-
viewed by Dejana and Vestweber, 2013; Harris and Nelson,
2010). Furthermore, recent studies have highlighted the poten-
tial of Cdh5 to sense, resist, and transmit mechanical forces
(Conway et al., 2013; Gray et al., 2008; Huveneers et al.,
2012; Liu et al., 2010; Tzima et al., 2005), suggesting that this
aspect of Cdh5 function is essential for its control of endothelial
cell behaviors such as proliferation, cell migration, and cell-
shape changes. In vivo, Cdh5 function is best studied with
respect to vascular permeability and leukocyte transmigration
(reviewed by Dejana and Vestweber, 2013). The in vivo roles
of Cdh5 in blood vessel morphogenesis are less well under-
stood. On the one hand, full knockout of Cdh5 in mice leads
to early embryonic lethality due to severe cardiovascular de-
fects (Carmeliet et al., 1999; Gory-Faure´ et al., 1999). Closer in-
spection of this mutant phenotype showed that, although blood
vessels form, they are not maintained (Gory-Faure´ et al., 1999).
On the other hand, tamoxifen-induced loss of Cdh5 function in
postnatal mice leads to a massive hypersprouting within the
retinal vasculature (Gaengel et al., 2012). These observations,
as well as a large number of other studies, suggest that during
development Cdh5 is required to stabilize existing blood ves-
sels as well as to attenuate extracellular proangiogenic signals
(reviewed by Giannotta et al., 2013). In agreement with this
view, cdh5 knockdown in zebrafish leads to a hypersprouting
phenotype, illustrated by supernumerous endothelial cell pro-
cesses (Abraham et al., 2009; Montero-Balaguer et al., 2009).
However, to fully understand the cell dynamics during blood
vessel morphogenesis and the contribution of Cdh5 in this
process, it is necessary to analyze cell behaviors at single-cell
resolution in vivo.
Here, we describe the generation of targeted putative null mu-
tations in the zebrafish cdh5 gene and analyze its role during
angiogenic sprouting. Live imaging and 3D quantification of
junctional interfaces between endothelial cells show that junc-
tional remodeling and stalk cell elongation require Cdh5 function.
Loss of Cdh5 also leads to a disorganization of the actin cyto-
skeleton. Furthermore, expression of a truncated form of Cdh5
is not able to rescue the defects in junctional elongation in
cdh5 mutants. Finally, the defects in junctional remodeling can
be phenocopied by pharmacological inhibition of actin polymer-
ization, but not by inhibiting actin-myosin contractility. Taken
together, these findings support a cellular model for angiogenic
spouting, in which Cdh5 promotes changes in cell shape by
transmitting cytoskeletal forces, generated by actin polymeriza-
tion, to drive concerted endothelial cell elongation.
RESULTS
Cdh5 Is Required for Segmental Artery Morphogenesis
To investigate the molecular mechanisms, which are involved in
angiogenic cell-cell interactions during sprout outgrowth, we
generated targeted mutations in the zebrafish cdh5 gene and
recovered two putative null alleles, cdh5ubs8 and cdh5ubs9 (for
details, see Experimental Procedures and Figure S1).
Analysis of segmental arteries (SeAs) and the dorsal longitudi-
nal anastomotic vessels (DLAVs) revealed that in contrast to
wild-type, SeAs were disorganized with supernumerary filopo-
dial extensions and frequently exhibited multiple contacts be-
tween neighboring SeAs in cdh5ubs8mutant embryos (Figure 1C0;
Figure S1G0 0). Time-lapse analysis of SeA and DLAV formation
confirmed these observations (Movie S1; Figures 1A–1C). Initial
tip cell formation and dorsal extension of the SeA sprout was
normal; however, tip cells failed to organize themselves into
the DLAV. Furthermore, we observed that in about 34% (n =
18) of segments in cdh5 mutants, the tip cells dissociated from
the stalk, leaving the stalk cells in the proximity of the dorsal
aorta (Figure 1C, red arrows).
The reduced motility of stalk cells in cdh5 mutants was re-
flected by reduced motility of endothelial cell nuclei during
sprout outgrowth (Figure S2). In wild-type siblings and sih mor-
phant embryos, cell nuclei moved dorsally leading to a relatively
even distribution of cell nuclei along the vascular axis (Figures
S2A and S2B; Movie S2). In cdh5 mutants (Figure S2C; Movie
S2), the movement of tip cell nuclei appeared unchanged
compared to wild-type and sih morphant vessels. However,
and in sharp contrast to wild-type and sih morphants, cdh5ubs8
stalk cell nuclei showed reduced dorsal movement and clus-
tered near the dorsal aorta (Figure S2C, yellow and white
arrows).
Cdh5 Is Specifically Required for Dynamic Stalk Cell
Behavior
During angiogenesis the sprout is led by a tip cell, which is fol-
lowed by stalk cells (reviewed by Siekmann et al., 2013). There-
fore, the tip cell may exert a pulling force upon stalk cells, which
may account for the stalling of stalk cells upon dissociation from
tip cells in cdh5 mutants. To test whether the loss of the tip cell
phenocopies cdh5 mutants, we ablated the tip cell by laser
microsurgery during SeA sprouting (Figure 1D; Movie S3).
Upon tip cell ablation, we did not observe retraction of the
sprout, suggesting that the tip cell does not apply a major pulling
force on the sprout and/or that the sprout contains an intrinsic
stability, which maintains its integrity. Moreover, in ten out of
11 experiments, we found that tip cell ablated sprouts rapidly re-
generated and established functional contact with the DLAV,
which suggests that—in the absence of a tip cell—the stalk is
able to quickly specify a new tip cell and thus maintains or
reestablishes anteroposterior polarity to the stalk. Moreover,
tip cell ablation did not phenocopy the cdh5 mutant phenotype,Cbecause mutant stalks did not regain sprouting activity upon tip
cell dissociation. Taken together, our time-lapse and laser abla-
tion studies indicate a stalk cell-specific role for Cdh5 during
angiogenic sprouting.
Segmental Arteries Display Irregular Cellular
Arrangements in cdh5 Mutants
To analyze junctional remodeling during SeA formation we
generated antibodies against zf-Esama (see Supplemental
Experimental Procedures), which colocalizes with Zona Occlu-
dens-1 (Zo-1) in endothelial cells (Figures S3A–S3C). Immunoflu-
orescent analysis showed that in early SeA sprouts endothelial
cells are stacked upon each other connected by individual junc-
tional rings (see Figures S3A and S3A0). During later stages of
sprouting, the junctional pattern was transformed into distinct
patterns, corresponding to different cellular architectures. In
most cases, we observed formation of multicellular tubes, which
are characterized by a longitudinal pattern of two (or more) junc-
tions along the vascular axis (Figure S3A0 0 0; Figure 2A) (Blum
et al., 2008). In rare instances, we observed SeAs, in which endo-
thelial cells maintain a ring-shaped junctional pattern, which are
indicative of unicellular tubes containing a transcellular lumen
(Figure 2A) (Herwig et al., 2011; Lenard et al., 2013).
In cdh5 mutants, the endothelial cell junctions, decorated by
Zo-1 or Esama, appeared quite normal during early stages of
SeA formation (Figure S3B). At later time points (34 hpf), we
noticed that junctions were frequently discontinuous in the dor-
sal region of the SeA axis and that the distances between longi-
tudinal junctions appeared wider (Figure S3B0 0 0; Figures 2A–2C).
We used the distribution of Zo-1 protein to compare the fre-
quencies of discontinuous junctions in wild-type, sih morphant,
and cdh5 mutant SeAs at 34 hpf (n = 66) (Figure 2D). In 53% of
all wild-type SeAs, we found interrupted junctional patterns,
consistent with local transcellular rather than multicellular tube
formation. sih morphants did not display any significant in-
crease in junctional gaps, whereas in 92% of cdh5 mutants
we found gaps in the junctional arrangements. Measurement
of gap length (Figure 2E) also showed that the gaps are signifi-
cantly bigger in cdh5 mutants than in wild-type embryos (p <
0.005). These observations indicate that the cell rearrange-
ments, which underlie multicellular tube formation, require
Cdh5 function.
Cdh5-Deficient Junctions Are Defective in Cell Contact
Elongation
Current models of junctional dynamics during epithelial
morphogenesis are largely based on the contractile forces
generated by the actin cytoskeleton and are exerted on
cadherin-based adherens junctions (Lecuit et al., 2011; Ma^ıtre
and Heisenberg, 2013). Contraction forces within the actin-
myosin ring tend to minimize the circumference of the junctional
interface (Farhadifar et al., 2007; Ma^ıtre et al., 2012). In a multi-
cellular, flat epithelium, contraction forces within a junctional
network collectively determine epithelial morphology at the level
of cell shape and orientated cell division (Bosveld et al., 2012;
Farhadifar et al., 2007; Kasza and Zallen, 2011). In our system
of SeA outgrowth, we consider a cellular configuration in which
cell contacts between two cells form isolated ring-shapedell Reports 9, 504–513, October 23, 2014 ª2014 The Authors 505
Figure 1. Cdh5 Is Required for Blood Vessel Integrity during Angiogenic Sprouting
(A–C) Confocal still pictures from time-lapse movies (starting around 28 hpf) showing lateral views (anterior to the left) of SeA morphogenesis in transgenic
Tg(kdrl:EGFP)s843 embryos in inversed contrast (Movie S1).
(A) In wild-type, SeAs sprout from the DA and fuse to neighboring vessels, which is followed by lumen formation.
(B) In sih morphants, SeA and DLAV form normally, indicating that blood flow is not required for SeA formation.
(C) Initial vessel sprouting in cdh5 mutant embryos is normal. However, endothelial cells disconnect in the dorsal region (arrows in C0). Stalk cells frequently
reconnected to the DLAV; this was achieved by dorsal protrusions of ventrally localized cells rather than cell migration or cell movements (arrows in C0 0). Mutant
SeAs form discontinuous lumens (arrow in C0 0 0).
(D) Rapid recovery of sprouting behavior upon tip cell ablation. Confocal still pictures from time-lapsemovie (Movie S3) showing lateral view (anterior to the left) of
a tip cell ablated SeA in a transgenic Tg(fli1a:EGFP)y1 embryo in inversed contrast. Segmental sprouts are shown 5 min prior to laser ablation in (D); the red circle
demarcates the lasering region). After ablation, no retraction of the stalk cells is observed. Upon irradiation, the tip cell becomes apoptotic (arrow in D0), and
former stalk cells start to extend protrusions and tomigrate up dorsally (arrows in D0 0 and D0 0 0). The new tip cell connects to neighbors and lumen is formed (arrows
in D0 0 0 0 and D0 0 0 0 0).
Scale bars, 20 mm; DA, dorsal aorta; DLAV, dorsal longitudinal anastomotic vessel; SeA, segmental artery; PCV, posterior cardinal vein.junctions (in contrast to junctional networks, that form in contin-
uous epithelial sheets). In this cellular configuration, cells are not
exposed to deforming forces exerted from junctions between506 Cell Reports 9, 504–513, October 23, 2014 ª2014 The Authorsneighboring cells, and the junctional contraction forces will
shape the cell junction into a perfect circle, as has been
described in for 2-cell aggregates in zebrafish and MDCK cells
Figure 2. Cdh5 Is Required for Cell Rearrangements and Cell-Cell Interface Deformation during Sprout Outgrowth
(A–C) Lateral views of single SeAs in wild-type (A), sih morphant (B), and cdh5 mutant (C) transgenic Tg(fli1a:EGFP)y1 (blue) embryos stained for Zo-1 (green) at
around 34 hpf. In cdh5mutant embryos, the dorsal part of the SeA shows longer distances without any junctional Zo-1 staining (demarcated by thewhite lines in A
and C), compared to wild-type and sih morphants.
(D) Quantification of SeAs without junctional Zo-1 in the dorsal region for wild-type (n = 40), sih morphants (n = 57), and cdh5 mutants (n = 66). In contrast to
wild-type and sih morphants, most cdh5 mutant SeA lack junctions in the dorsal portion of the vessel.
(E) The length of the dorsal part of the SeA without Zo-1 was measured and found to be significantly longer in cdh5 mutant embryos (p < 0.0001). Unpaired
two-tailed t test; error bars indicate SD.
(F) A boxplot with whiskers (Tukey) of quantification of the quotient of circumference to area of cell-cell interfaces. A weighted t test (Welsh) reveals (p < 0.0019)
that, in cdh5 mutants, cell-cell interfaces are more circular than in wild-type.
(G) Plot showing circumference (mm) versus area (mm2) of individual cell-cell interfaces. Wild-type (blue squares), cdh5ubs8 (green squares), and tip cell ablated
wild-type cell-cell interfaces (purple triangles) and corresponding regressions. Gray-shaded zones show extrapolated ellipsoids with a schematic representation
on the right hand side. The circularity (cir) is determined by the quotient of the two half-axes (‘‘a’’ and ‘‘b’’) as depicted on the bottom right. With increasing surface,
wild-type cell-cell interfaces become more elongated (cir < 0.1), whereas circularity of cdh5ubs8 interfaces remain close to 0.2. The cell-cell interfaces of tip cell
ablated stalk cells show a similar distribution as wild-type (see Movie S4 for the workflow of the quantification process).
Scale bars, 20 mm; significance: **p < 0.01; ***p < 0.005.(Ferrari et al., 2008; Ma^ıtre et al., 2012). However, external
forces may deform these cell junctions into more ellipsoid
shapes. We therefore reasoned that the degree of circularity,
which can be defined as the quotient of the two elliptical half-
axes, can be used as an indirect measure to assess the relative
deforming force that is applied on a junctional ring during angio-
genic sprouting.
To calculate circumference and the surface area in three di-
mensions, we performed colocalization analysis and traced indi-
vidual junctional rings (see Experimental Procedures for details)
(Figures 2F and 2G; Figure S3D; Movie S4). We found that, onCaverage, junctional rings in cdh5 mutants were more circular
than in wild-type siblings (Figure 2F). We further plotted individ-
ual junctional measurements of circumference/area onto a land-
scape depicting areas of relative circularity (Figure 2G). This plot
showed a positive correlation between junctional area size and
elliptical eccentricity in wild-type embryos: as stalk cells
expanded their cell-cell interfaces these became more elliptic.
cdh5 mutant junctions did not show this shape transformation:
although junctional rings increased their surface area to up to
300 mm2, the circumference appeared to be limited to a threshold
of approximately 100 mm. As a consequence, the degree ofell Reports 9, 504–513, October 23, 2014 ª2014 The Authors 507
Figure 3. Cdh5 Is Required for Concerted
Cell Elongation during Sprout Outgrowth
(A and B) Confocal still pictures from time-lapse
movies (Movie S5; starting around 26 hpf) showing
lateral views (anterior to left) of single SeAs
of transgenic Tg(fli1ep:gal4ff)ubs3;(UAS:RFP);
(UAS:EGFP-hsZo-1,cmlc:EGFP)ubs5 embryos.
(A) All cell-cell junctions of the angiogenic sprouts
in a heterozygous cdh5ubs8/+ embryo are labeled
with EGFP-Zo-1 (green). Several ring-shaped cell-
cell contacts have formed. These rings elongate
while the sprout grows out, stretching over the
whole length of the SeA.
(B) In cdh5mutants the endothelial cells rearrange,
but the junctional rings do not stretch to the most
dorsal part of the stalk. Scale bars, 20 mm.eccentricity decreased for large junctional rings. Taken together,
these findings suggest that the deforming forces that underlie
lengthening of endothelial cell junctions are reduced in cdh5mu-
tants. Because tip cells often dissociate from the stalk, we tested
whether deforming forces depend on the presence of the tip
cells. When we measured the junctional dimensions in sprouts,
in which the tip cell had been removed by laser ablation (Fig-
ure S3C), we found that the junctions maintained normal shapes
with respect to circumference and eccentricity (Figure 2G). We
therefore conclude that the tip cell does not play a major role
in junctional elongation.
Stalk Elongation Is Driven by Cell-Shape Changes
Because the above experiments strongly suggested a role for
Cdh5 in the dynamic stalk cell behavior, we analyzed cell dy-
namics of SeA sprout outgrowth in transgenic fish expressing
an EGFP-tagged Zo-1 reporter in endothelial cells. Time-lapse
analysis revealed that during sprout outgrowth, cells in the stalk
undergo substantial lengthening, reflected by an elongation of
cell junctions concomitant with a longitudinal expansion of cell-
cell surfaces, which is characteristic for the formation of multicel-
lular vascular tubes (Figure 3A; Movie S5; Table S1). Therefore,
sprout outgrowth is not only mediated by endothelial cell migra-
tion, but to a large extent accompanied by cell-shape changes,
which elongate the nascent sprout. In cdh5mutant SeAs, endo-
thelial cells showed very little cell elongation along the axis of the
forming vessel (Figure 3B; Movie S5).
Loss of Cdh5 Leads to Disorganization of the Cortical
Actin Cytoskeleton
When we examined EGFP-Zo-1 distribution in sprouting SeA at
high resolution in live embryos, we found that—in particular, dur-
ing lumen formation—wild-type junctions formed protrusions
that were oriented perpendicular to the cell junctions; in cdh5
mutant SeAs, we did not observe such protrusions (Figures 4A508 Cell Reports 9, 504–513, October 23, 2014 ª2014 The Authorsand 4B). Experiments in human umbilical
vein endothelial cells (HUVECs) have
previously shown that such protrusions
coincide with the attachment sites of
cortical actin cables (Huveneers et al.,
2012; Milla´n et al., 2010). To address,whether the actin cytoskeleton is affected in cdh5 mutants, we
generated a transgenic reporter, Tg(UAS:EGPF-UCHD)ubs18, ex-
pressing EGFP tagged with the Utrophin Calponin Homology
Domain (UCHD) of Utrophin (Burkel et al., 2007). In contrast to
the regular meshwork of cortical actin fibers, which we observed
during SeA outgrowth in wild-type, this pattern was disturbed in
cdh5 mutants: instead, we found dense clusters of F-actin, as
well as areas that seemed devoid of any actin cables (Figures
4C and 4D). Thus, loss of Cdh5 leads to a disorganization of
the cortical actin cytoskeleton.
The C-terminal portion of Cdh5 is known to couple the
actin cytoskeleton to adherens junctions. To test more directly
whether the defects in endothelial cell elongation in cdh5 mu-
tants can be attributed to the inability of the actin network to
attach to Cdh5, we expressed a fluorescently tagged version
of Cdh5, Tg(5xUAS:cdh5-EGFP)ubs12, which lacks the b-catenin
binding domain (Lenard et al., 2013). We followed junctional
dynamics based on Cdh5-EGFP fluorescence in wild-type and
cdh5 mutant sprouts and measured the longitudinal length-
ening during the time course (see Table S1; Figure S4). When
expressed in wild-type embryos, we observed extensive length-
ening of endothelial cell junctions in agreement with our EGFP-
Zo-1 experiments. By contrast, in cdh5 mutants expressing
Cdh5-EGFP we observed no such junctional extension (five
junctional rings examined). Instead, we observed moderate ex-
tensions as well as contractions. Taken together, these findings
indicate that concerted endothelial cell elongation during SeA
outgrowth requires anchoring of the actin cytoskeleton to endo-
thelial junctions via Cdh5.
F-Actin Polymerization Is Essential for Angiogenic
Cell-Shape Changes
Because cell-shape changes appeared to be driven by cyto-
skeletal remodeling, we wanted to assess the involvement of
actin fiber contraction and polymerization, respectively. When
Figure 4. Cdh5 Is Required to Link the Actin
Cytoskeleton to Endothelial Cell Junctions
(A and B) Deconvolved images of lateral views
(anterior to left) of single SeA of transgenic
Tg(fli1ep:gal4ff)ubs3;(UAS:RFP);(UAS:EGFP-hsZo-
1,cmlc:EGFP)ubs5 embryos around 34 hpf. (A)
Within EGFP-Zo-1 rings (green) of wild-type em-
bryos, we observed junctional spikes emerging
from the junctions (arrow in A0), most pronounced
during lumen formation processes (A0 a close-
up view of inset in (A) in inversed contrast).
These spikes were not observed in cdh5 mutant
SeA (B).
(C and D) Lateral views (anterior to left) of
single SeA of transgenic Tg(fli1ep:gal4ff)ubs3;
(UAS:RFP); (UAS:EGFP-UCHD)ubs18 embryos
around 34 hpf. The actin cytoskeleton is visual-
ized by F-actin binding domain of utrophin fused
to EGFP (EGFP-UCHD). (C) In wild-type stalk
cells, the cortical F-actin is oriented in the di-
rection of the growth of the sprout (arrows in C0;
C0 a close-up view of inset in C in inversed
contrast). (D) In cdh5 mutant stalk cells the actin
cytoskeleton appears in punctate (red arrows in
D0 ) and areas that seem devoid of F-actin cables
(blue arrows in D0).
Scale bars, 20 mm; UCHD, utrophin calponin
homology domain.we treated wild-type embryos with blebbistatin, which inhibits
actin-myosin contractions (Straight et al., 2003), we observed
severe junctional defects (Figure 5B). However, these defects
did not resemble the defects of cdh5 mutants. Instead, the
junctions became extremely tortuous and often attained a
concave curvature contrary to the overall convex curvatures
observed in wild-type and cdh5 mutant SeAs. This result is in
agreement with the view that actin contractility is primarily
involved in generating contractile forces within junctional rings,
rather than deforming forces, which would elongate the junc-
tional ring.
In contrast, embryos treated with latrunculin B (latB), which in-
hibits actin polymerization (Morton et al., 2000), displayed SeAs
with junctional gaps similar to those observed in cdh5 mutants
(compare Figure 5C with Figures 2A–2C). Furthermore, quantifi-
cation revealed that junctional rings attained rounder shapes
consistent with defects in junction elongation (Figure 5D).
Although lethality prevented us from using higher doses of
latB, the defects we observed are in line with but milder than
the cdh5 mutant phenotype, suggesting that actin polymeriza-
tion rather than contraction is the primary mechanism of junction
elongation (see Graphical Abstract).Cell Reports 9, 504–513,DISCUSSION
Distinct Functions of Cdh5 during
Vascular Morphogenesis
In this study, we have addressed the
role of Cdh5 during angiogenic sprout
outgrowth. Cdh5 has distinct functions
during different stages of SeA formation.Cdh5 appears to be dispensable for early tip cell behavior,
because we observed normal sprout formation in cdh5 mutants
and that tip cells of mutants and wild-type siblings reached the
dorsal neural tube simultaneously. However, and in agreement
with our previous studies (Lenard et al., 2013), we observed
that during DLAV formation, cdh5 mutant tip cells formed su-
pernumerary contacts, suggesting defects in endothelial cell
recognition.
During sprout outgrowth, tip cells frequently dissociate from
the stalk. Upon losing contact, the stalk cells appeared arrested
and showed very little motility. This cell behavior was different
from wild-type sprouts in which the tip cell had been ablated;
in this situation, the stalk cells quickly (within 30 min of tip
cell ablation) reestablished sprouting behavior and formed a
fully functional SeA. Although we do not yet know the molecular
mechanism that allows this rapid recovery of sprouting
behavior in wild-type sprouts, it may be speculated that it in-
volves specification of a new endothelial tip cell from the distal
stalk. Thus, it is possible that in the absence of Cdh5, sprout
cells are not able to switch from stalk to tip cell character.
Consistent with this view, knockdown of cdh5 prohibits
endothelial cells of the subintestinal vessel from reinitiatingOctober 23, 2014 ª2014 The Authors 509
Figure 5. F-Actin Polymerization Is Essen-
tial for Angiogenic Cell-Shape Changes
(A–C) Immunofluorescent analysis
Tg(fli1a:EGFP)y1 (blue) embryos at 30–32 hpf
(anterior to the left) treated with inhibitors of
cytoskeletal remodeling and stained for Zo-1 (red)
and Esama (green).
(A) Control embryos (1% DMSO, 2 hr) show wild-
type-like junctional ring elongation (dotted arrow in
(A) (A0 a close-up view of inset in A).
(B) In blebbistatin-treated embryos, SeAs junc-
tional patterns are tortuous and attain concave
curvatures (arrows in B0 ).
(C) Treatment with latB reduces the stalk cells’
ability to elongate (dotted arrow in C) and junctions
have rounder shapes compared to control
embryos.
(D) Plot showing circumference (mm) versus sur-
face area (mm2) of individual cell-cell interfaces.
DMSO control (blue squares), 4 hr 0.15 mg/ml
latrunculin B (red triangles) and for comparison
cdh5ubs8 (green squares) and corresponding re-
gressions. Gray-shaded zones show extrapolated
ellipsoids with a schematic representation on the
right-hand side. The circularity (cir) is determined
by the quotient of the two half-axes (‘‘a’’ and ‘‘b’’)
as depicted on the bottom right. Alteration of
F-actin polymerization dynamics with latB shows
a decrease in junctional eccentricity, phenocopy-
ing cdh5 mutants.
Scale bars, 20 mm; Esama, endothelial cell-se-
lective adhesion molecule a; latB, latrunculin B.angiogenic behavior upon xenotransplantation of tumor cells
(Nicoli et al., 2007).
Cdh5 Interacts with F-Actin during Endothelial Cell
Elongation
Sprout outgrowth is based on both cell migration and cell
elongation. Although the tip cell is actively migrating, in wild-
type embryos as well as in cdh5 mutants, we found that the
extension at the level of the stalk ismainly driven byCdh5 depen-510 Cell Reports 9, 504–513, October 23, 2014 ª2014 The Authorsdent cell elongation as illustrated by the
lengthening of endothelial cell junctions.
Although cdh5 mutant endothelial cells
are able to expand junctional rings, they
do not transform these rings into elliptical
shape.
The disorganization of the actin cyto-
skeleton in cdh5 mutants and our obser-
vation that junctional defects cannot be
rescued by a Cdh5 isoform, which is un-
able to attach to the actin cytoskeleton,
strongly suggest that the dynamic con-
tact shape transformations are mediated
by the interactions between Cdh5 and
the actin cytoskeleton. Previous studies
have shown that Cdh5 is an important
mediator of endothelial cell shape and
dynamic cell behavior (Chien et al.,2005; Nelson et al., 2004). In particular, our observations are in
agreement with in vitro studies using allantoic explant cultures,
which showed that endothelial migration per se does not require
Cdh5; in contrast, blocking of Cdh5 function strongly interfered
with dynamic cell rearrangements during sprout elongation (Per-
ryn et al., 2008). In the same way, a recent study has demon-
strated the importance of Cdh5 for angiogenic cell shuffling in
ES-cell derived angiogenic sprouts and in the mouse retina
(Bentley et al., 2014). Furthermore, these studies suggest that
cell shuffling depends on differential adhesion between endothe-
lial cells, which is mediated by different levels of Cdh5 at cell
junctions. In the SeA of the zebrafish, we have not observed
cell shuffling during sprout outgrowth. This may be attributed
to the limited number of cells in the SeA sprout and/or to the
short sprouting phase during SeA formation.Endothelial Cell Elongation Is Dependent on Actin
Polymerization
Recent in vitro studies on themechanical forces,whichdrive con-
tact expansion between two cells, have shown that contact initi-
ation leads to circular junctions (Engl et al., 2014; Ma^ıtre et al.,
2012). These studies showed that contact expansion is mainly
driven by cortical tension from the actin myosin cytoskeleton
and that this tension is transmitted by E-cadherin. Moreover,
the interaction between the actin cytoskeleton and cadherins
was shown to be essential for contact formation, because
expression of a truncated form of E-cadherin (deficient in actin
binding) was not able to expand cell contacts (Ma^ıtre et al., 2012).
The circular to elliptical junctional transformation appears to
be a key feature of endothelial cells. One striking finding of our
studies is that junctional remodeling in the SeA stalk appears
to depend primarily on actin polymerization rather than contrac-
tility. Inhibition of actin polymerization phenocopied two aspects
of loss of Cdh5 during SeA sprout outgrowth, namely, extensive
junctional gaps and rounded junctional rings. Both defects illus-
trate the disability of endothelial cells to attain a paired configu-
ration, which is a prerequisite for multicellular tube formation.
Recent experiments have explored the interplay between
Cdh5 and actin polymerization during junctional remodeling of
HUVECs (Abu Taha et al., 2014). This study showed that local
loss of Cdh5 leads to the formation of so-called junction associ-
ated intermittent lamellipodia (JAIL) by the way of ARP2/3
recruitment and actin polymerization. Whether such lamellipodia
are formed in the SeA remains to be determined. However, the
similarity of the cdh5 mutant and latB phenotypes suggests
that such a mechanism may provide the deforming force, which
underlies junction elongation during SeA outgrowth.
Taken together, our findings support a cellular model in
which Cdh5 is specifically required in stalk cells to promote
cell elongation by transmitting a deforming force on endothelial
cell junctions. The disruption of the cortical actin network in
cdh5 mutants and the defects conferred by inhibition of actin
polymerization suggest that junction elongation is driven by
forces generated by actin polymerization and that Cdh5 serves
as an anchor point to transmit these forces between cells. The
deforming force, which elongates the junctional ring, may origi-
nate from different mechanisms. Although we do not rule out
pulling forces generated by the tip cell or stalk cell/ECM interac-
tions, our findings point to a thirdmechanism, in which local actin
polymerization leads to the formation of lamellipodia, which
exert the deforming force for junctional elongation.EXPERIMENTAL PROCEDURES
Zebrafish Strains and Morpholinos
Zebrafish were maintained as previously described (Westerfield, 2000).
All experiments were performed in accordance with federal guidelinesCand were approved by the Kantonales Veterina¨ramt of Kanton Basel-
Stadt. Zebrafish lines were Tg(fli1a:EGFP)y1 (Lawson and Weinstein,
2002), Tg(kdrl:EGFPnls)ubs1 (Blum et al., 2008), Tg(kdrl:EGFP)s843 (Jin
et al., 2005), Tg(5xUAS:RFP) (Asakawa et al., 2008), Tg(fli1ep:gal4ff)ubs3
and Tg(UAS:EGFP-hsZO-1,cmlc:EGFP)ubs5 (Herwig et al., 2011),
Tg(5xUAS:cdh5-EGFP)ubs12 (Lenard et al., 2013), Tg(UAS:EGFP-UCHD)ubs18
(this study), and cdh5ubs8 and cdh5ubs9 (this study). Morpholinos (GeneTools)
used were as follows: silent heart (sih/tnnt2) 50-CATGTTTGCTCTGATCTGAC
ACGCA-30 (Sehnert et al., 2002) and standard control 50-CCTCTTACCTCAGT
TACAATTTATA-30.
Generation of Tg(UAS:EGFP-UCHD)ubs18
The 4xnrUAS promoter (Akitake et al., 2011) and the EGFP-UCHD (utrophin
calponin homology domain) coding region (Burkel et al., 2007) were cloned
into a Tol2 vector. The final pT24xnrUAS:EGFP-UCHD plasmid was coinjected
with tol2 mRNA into the Tg(fli1ep:gal4ff)ubs3;(UAS:mRFP) embryos.
Pharmacological Treatment
To inhibit actin fiber contractions, we treated embryos with blebbistatin
(Sigma-Aldrich) (Morton et al., 2000) from 28 to 30 hours postfertilization
(hpf) in E3medium containing 100 mMblebbistatin. To interfere with actin poly-
merization, we used sublethal concentrations latrunculin B (Merck Millipore),
which still efficiently disrupt actin polymerization (Phng et al., 2013). Embryos
were treated from 28 to 32 hpf in E3 medium containing 0.15 mg/ml latrunculin
B. Embryos were fixed immediately after treatment for immunofluorescent
analysis.
Immunofluorescence
Immunofluorescence was performed as previously described (Herwig et al.,
2011). The following antibodies were used: rabbit anti-zf-Cdh5 1:200 (Blum
et al., 2008), rabbit anti-Esama 1:200 (Lenard et al., 2013; this study), mouse
anti-human-Zo-1 1:100 (Zymed), Alexa 568 goat anti-rabbit immunoglobulin
G (IgG) 1:1,000, and Alexa 633 goat anti-mouse IgG 1:1,000 (both from
Invitrogen).
Laser Microsurgery Experiments
Tip cell ablations were performed on an Olympus FV1000 confocal micro-
scope using a 355 nm pulsed laser. Lasering was performed in a confocal
plane, using a tornado movement of the laser at 65% power for three frames.
Movies were recorded using a 303 silicone objective with a frame size of 640
3 640 pixels. z stacks were recorded with a step size of 0.8 mm every 7 min.
Laser ablations for immunostainings were performed on Leica DM6000bmi-
croscope equipped with a single-pulse laser (CryLaS FTSS 355-50). Lasering
was performed using a 203 dry objective; the laser power was set to 86, with a
speed of 2, specimen balance of 0, and an offset of 80. Tip cells were irradiated
for less than 2 s. Specimen were fixed in 2% paraformaldehyde immediately
after laser surgery.
Live Imaging
Time-lapse imaging was performed as previously described (Lenard et al.,
2013). All movies were taken with a Leica SP5 confocal microscope using a 40
3 water immersion objective (NA = 1.1) with a frame size of 512 3 512 pixels.
Routinely, z stacks consisted of 80–100 slices with a step size of 0.8–1 mm.
Stacks were taken every 8 or 10 min.
High-resolution imaging was performed a Leica SP5 microscope using a 63
3water immersion objective (NA = 1.2) using a vertical step size of 0.2 mm and
subsequent Huygens deconvolution (SVI).
3D Measurement of Endothelial Cell Interfaces
To measure the shapes of cell junctions, Tg(kdrl:EGFPnls)ubs1 embryos were
stained for Zo-1 and Esama around 32 hpf and imaged as described above.
In order to reconstruct the junctions in 3D, the Zo-1 and Esama signals were
combined to build a colocalization channel using Imaris (Bitplane) software.
The junctions were segmented from this channel using a semiautomated
approach based on the filament module of Imaris. For further processing, tools
for volumetric calculations were developed in Python. The junction area was
derived by creating a tessellation from the junction’s rim coordinates, usingell Reports 9, 504–513, October 23, 2014 ª2014 The Authors 511
those two points that are furthest from each other as start and end points. This
leads to a lower bound estimate of the area inside the junctional rings by sum-
ming up the areas of the individual polygons resulting from the tessellation
step. Additional parameters like length and diameter of the junctions were
calculated as well.
The software developed is available as a Python package called ‘‘VolPy’’
(for Volumetric Python) (1). It makes use of the open-source packages
‘‘NumPy’’ (2) for numerical calculations and ‘‘matplotlib’’ (3) for graph plotting.
(1) https://github.com/imcf/imcf-toolbox/tree/master/lib/python2.7/volpy
(2) http://www.numpy.org/
(3) http://matplotlib.org/SUPPLEMENTAL INFORMATION
Supplemental Information includes Supplemental Experimental Procedures,
four figures, one table, and fivemovies and can be found with this article online
at http://dx.doi.org/10.1016/j.celrep.2014.09.024.
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